Introduction
Piezoelectric thin film materials are of a high interest for sensor and actuator applications such as energy harvesting, AFM cantilevers or magneto-electric sensors [1] [2] [3] . Due to its reasonable piezoelectric coefficients of 5.15 pm/V for d 33,f and -1.04 C/m² for e 31,f , low tan of 0.1 % and low permittivity of 10.7 AlN is a favorable material for many MEMS sensor, actuator and resonator applications [4, 5] . Further AlN has excellent thermal, mechanical and chemical stability.
In this work we investigated the influence of the bottom electrode material, AlN thickness and stress tuning during sputtering on the material parameters, especially the piezoelectric coefficients. Moreover methods of wet chemical etching of AlN are compared.
Experimental
Thermally oxidized 200 mm silicon wafers have been used as a substrate for all experiments. The wafers were coated with thin film metal electrodes of either 100 nm platinum or 300 nm molybdenum. Pt was evaporated in a Balzers BAK760 system whereas Mo was sputtered in an Oerlikon Clusterline 200 II system. In case of Pt a Ti adhesion layer was used. Subsequently, the Pt electrodes were annealed at 550 °C for 30 min under vacuum to improve the crystal orientation along the [111] direction.
The AlN thin films were prepared by reactive pulsed-DC magnetron sputtering in an Oerlikon Clusterline 200 II system using a 99.9995 % pure aluminium target. The sputter process was performed under following conditions: 3·10 -6 bar, 20 sccm Ar, 75 sccm N 2 , chuck temperature of 200 °C and 400 °C respectively, 8 kW pulsed DC power and various rf bias.
The wet etching of AlN was done in 25 % TMAH heated at 82°C or phosphoric acid based solution (PWS) of 80 % H 3 PO 4 , 16 % H 2 O and 4 % HNO 3 heated at 90°. For TMAH commonly Mo was used as a masking layer but also Ti and Cr were investigated while for PWS photoresist was used. A critical aspect was to strip the masking layer without attacking AlN. Thus different media like PWS, cerium(IV) ammonium nitrate (CAN), buffered oxide etch (BOE) and RER500/EKC830 solvents were investigated.
Wafers were characterized with thin film stress measurement, scanning electron microscope, XRD rocking curve FWHM, aix4PB and aixDBLI piezoelectric test setups. Profilometer and reflectometer were used to measure the etch rates of AlN.
Results
Figure 1 (a) shows the effective transverse piezoelectric coefficient as a function of the thickness from 150 nm to 2.0 μm for two bottom electrode materials, Pt and Mo. The absolute value of e 31,f increases with increasing film thickness, which is assumed due to better crystal structure with thicker films [4] . For both electrode materials the AlN posseses piezoelectric behaviour with transverse coefficients up to -1.04 C/m² and -1.16 C/m² for Pt respectively Mo, which correspond with values in the literature [6, 7] . The coefficient is still -0.71 C/m² for 150 nm thin AlN films. The stress of AlN layers can be tuned over a wide range from tensile to compressive by varying the rf bias respectively substrate potential during sputtering (Figure 1 (b) ). It is assumed that this is caused by ion bombardment [9] . No dependency of e 31,f and r33,f on the rf bias can be observed for wafers sputtered at 400 °C as shown in Figure 2 (b) which is in agreement with [6] . The transverse coefficient is about -1.0 C/m² and corresponds to the values in Figure 1 (a) . The dielectric permittivity is between 10.2 and 11.4 and consistent with [9] . AlN samples sputtered at 200 °C have a weak maximum in e 31,f between 60 and 80 W (Figure 2 (b) ) with values close to the layers sputtered at 400 °C. It is assumed that due to the lack of thermal energy additional kinetic ion bombardment is needed to promote the formation of c-textured AlN growth. The r33,f is a bit higher than for 400 °C sputtered films.
In figure 5 (a) the e 31,f as well as the d 33,f coefficients and r33,f are plotted. Both piezoelectric coefficients increase with AlN layer thickness. Again, this may be explained by a better c-textured columnar AlN formation for thicker films ( Figure 5 (b) ) [4] . The AlN growth was highly c-textured with a (002) orientation and rocking curves FWHM of about 2°.
To complete the AlN process module wet etching of AlN in the CMOS compatible alkali free etchants TMAH and PWS has been investigated. The etch rate of AlN for TMAH is at least 6 μm/min and for PWS about 90 nm/min at 82 °C and 90°C, respectively. No or less attack of AlN could be seen by using BOE, CAN, RER 500 or EKC 830 solvents.
Summary
A comprehensive study on the complete process module for the fabrication of AlN-based MEMS sensors and actuators was presented. Reactive sputter deposited AlN onto Pt showed good transversal and longitudinal piezoelectric coefficients which increase with film thickness up to -1.19 C/m² and 5.12 pm/V, respectively. Further it was possible to grow piezoelectric AlN of a thickness of only 150 nm, at 200 °C and onto Mo electrodes. Variation of rf bias during AlN deposition allowed stress tuning in a wide range. Using Mo electrodes and TMAH or PWS for structuring AlN a complete CMOS compatible processing was possible.
